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The gene encoding the major ADP/ATP carrier in 
yeast AAC2 (pet9; Lawson, J., and Douglas, M. (1988) 
J. Biol. Chem. 263, 14812-14818) has been disrupted 
(AAAC2) by itself and in combination with a disruption 
of a second translocator gene AACl (AAACl). Disrup- 
tion of AAC2 like the pet9 mutation renders yeast 
unable to grow on a nonfermentable carbon source. 
The AACI AAC2 double disruption exhibits a pheno- 
type identical to the AAC2. This provides the host 
strain for the analysis of point mutations in the AAC 
protein. We have initiated this structure-function 
analysis by characterizing and confirming that the 
pet9 mutation is a G to A transition resulting in an 
arginine to histidine change at position 96. Site-di- 
rected replacements at Arg” confirm its essential func- 
tion for growth on a nonfermentable carbon source. 
These data also suggest that in the absence of func- 
tional AACl and AAC2 gene products, adenine nucleo- 
tide transport across the mitochondrial inner mem- 
brane must occur by an as yet unidentified translocator 
or translocation mechanism or that within these cells 
separate intra- and extramitochondrial adenine nu- 
cleotide pools can exist to support growth. 
The ADP/ATP carrier (AAC or adenine nucleotide trans- 
locator),’ the most abundant protein in the inner mitochon- 
drial membrane (Klingenberg, 1976), mediates the exchange 
of ATP and ADP across the membrane. It is most likely the 
primary sight for regulation and exchange of cytosolic and 
mitochondrial adenine nucleotide pools in the cell. Earlier 
studies in yeast which have defined genes encoding different 
AAC proteins now make it possible to examine the essential 
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role of this protein in nucleotide transport and cell viability 
(Adrian et al., 1986, Lawson and Douglas, 1988). Multiple 
genes for this carrier have been reported in humans (Hould- 
sworth and Attardi, 1988; Battini et al., 1989) and in bovine 
tissue (Schultheiss and Klingenberg, 1984). The combination 
of immunological and RNA hybridization studies indicate that 
different isoforms of a family of AAC proteins are expressed 
in a tissue specific manner (Cozen et al., 1989). 
The two yeast genes (AACI and AAC2) have been isolated 
and characterized (O’Malley et al., 1982; Adrian et al., 1986, 
Lawson and Douglas, 1988). Although the two genes exhibit 
a high degree of identity at both the nucleotide and amino 
acid levels, a single copy of AAC2 was shown to be sufficient 
to complement the pet9 or opl mutation in the ADP/ATP 
carrier (Lawson and Douglas, 1988). AACI, on the other hand, 
must be present in multiple copies to complement the same 
mutation and restore growth on a nonfermentable carbon 
source. Therefore, the two genes appear to be functionally 
equivalent but differentially expressed (Lawson and Douglas, 
1988). 
We report the construction and biochemical characteriza- 
tion of haploid yeast strains in which both the AACl and 
AAC2 genes have been replaced by selectable yeast genes. 
These studies demonstrate for the first time that a route of 
adenine nucleotide transport other than AACl or AAC2 exists 
in mitochondrial membranes to support active growth and 
biogenesis of the organelle on fermentable substrates. 
These studies also provide the deletion hosts and vehicles 
for the biochemical preparation and characterization of yeast 
adenine nucleotide translocator proteins from yeast as well as 
those expressed from cDNAs of higher eukaryotes. We have 
utilized this host to characterize the molecular basis of the 
pet9 or opl mutation (Kovac et al., 1967; Beck et al., 1968). 
Earlier studies have shown that pet9 expressed a specific 
alteration in the adenine nucleotide translocator (Lawson and 
Douglas, 1988). Utilizing marker rescue of the pet9 lesion and 
subsequent site-directed mutations we can confirm that an 
arginine to histidine change at position 96 is the basis for the 
lesion. These studies are part of a program using site-directed 
mutagenesis for the elucidation of structure-mechanism re- 
lationships in this relatively simple membrane transporter. 
EXPERIMENTAL PROCEDURES 
Strains and Media-Saccharomyces cerevisiae strains W303 
(MATala ade2-1 leu2-3,112 his 3-22,15 trpl-1 ura.3-1 can l-100), 
JLYlB (MATa t&2-3,112 ura3-1 p&9), JLY73 (MATa anc2::HIS3 
his 3-11,15 trpl-1 ura3-1 canl-100 ade2-1 leu2-3,112), JLYW2c 
(MATa aacl::LEU2 his 3-11,15 trpl-1 ura3-1 canl-100 ade2-1 leu2- 
3,112), JLY1053 (MATa aac2::HIS3 aacl::LEU2 his 3-11,15 trpl-1 
u&-l canl-100 ade2-1 Zeu2-3,112), and JLY1055 (same as JLY1053 
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except JLY 1055 is MATor) were used. 
Unless otherwise specified, all yeast strains were grown in YP 
media (1% yeast extract, 2% bactopeptone) plus either 2% dextrose, 
3% glycerol, or 2% galactose as a carbon source (Sherman et al., 
1979). Procedures for tetrad analysis were as described previously 
(Sherman et al., 1979). 
Escherichia coli Strains. DNA Methods. and AAC2 DisruDtion-E. 
coli strains and DNA methods were described previously (Lawson 
and Douglas, 1988). E. coli strain JMlOl (F’ lac pro supE traD36) 
was used for propagation of Ml3 and amplification of plasmids 
(Yanisch-Perron et al., 1985). E. coli strains were grown in Luria 
broth or 2 x TY medium (Maniatis et al., 1982). Oligonucleotide site- 
directed mutagenesis was performed according to the Zoller and 
Smith (Zoller and Smith, 1984). Plaque lifts were performed using 
nitrocellulose filters (Schleicher and Schuell). Yeast chromosomes 
from Strain W303-la were electrophoresed on a CHEF gel apparatus 
(Bio-Rad) as described (Schwartz and Cantor, 1984). Disruption of 
AAC2 was performed as follows: AAC2 sequences were time-digested 
from the Accl sites with Bal-31 endonuclease so that approximately 
540 bp of AAC2 coding region was removed. The yeast HIS3 gene 
(Struhl, 1985) on a 1.3-kb BarnHI-XhoI fragment was filled in with 
Klenow and ligated into the remainingAAC2 sequences. This resulted 
in HIS3 bordered on one end by approximately 1.4 kb of AAC2 5’- 
flanking DNA and 275 bp of AAC2 coding DNA. On the other end of 
HIS3 was 140 bn of the 3’ end of the AAC2 codine region ~1~s 500 
bp of AAC2 3’-flanking DNA. 
I- - 
Plasmids-The following plasmids were used: pSEY8 (2 micron 
ARS URA3) and pSEYc63 (CEN4 ARSZ URA3) (Emr et al., 1986). 
Miscellaneous Methods-Electrophoresis and gel transfer methods 
were as described (Lawson and Douglas, 1988). 
Preparation of Mitochondria-Protoplasts were formed by enzy- 
matic digestion of the cell wall (Daum et al., 1982). For this purpose 
yeast cells were suspended in 0.1 M Tris, 10 mM dithioerythritol, pH 
9.4, for 10 min at 32 “C (0.5 g wet weight/ml), centrifuged 5 min at 
3000 x g, washed twice with 7.2 M sorbitol, and resuspended at 0.15 
a wet weieht/ml in 1.2 M sorbitol. 20 mM KH,PO,. DH 7.4 10.15 e wet 
weight/ml under addition of zymblyase 20,006 (1 mg/l g wet weight). 
The conversion to protoplasts occurred within 60-90 min at 35 “C 
with gentle shaking. Protoplasts were harvested by centrifugation at 
3000 x g for 5 min and washed twice with 1.2 M sorbitol. 
For lysis protoplasts were suspended at 4 “C in a buffer containing 
0.6 M mannitol, 10 mM Tris, pH 7.4, 0.1% bovine serum albumin, 1 
mM phenylmethylsulfonyl fluoride at 0.15 g wet weight/ml, with a 
“Dounce” homogenizer with 12 strokes and then incubated for 15 
min under moderate stirring. After centrifugation at 1000 X g for 10 
min the supernatant was recentrifuged (1000 X g, 10 min). The 
mitochondrial fraction was obtained by centrifugation of the resulting 
supernatant at 9700 X g for 10 min, resuspension in 0.5 M mannitol, 
10 mM Tris, pH 7.4, and stirred for 5 min. After centrifugation for 10 
min at 1000 X g, the final mitochondria preparation was obtained by 
recentrifugation of the supernatant at 9700 x g for 10 min. If neces- 
sary mitochondria were loaded with carboxyatractylate or atractylate 
in the presence of 50 pM ADP and 2 mM MgC12 before storage at 
-70 “C in liquid nitrogen. 
Partial Purification of AAC Protein-AAC protein was prepared 
from either fresh or frozen mitochondria by minor modification of a 
published method (Knirsch et al., 1989; Ohnishi et al, 1967). Mito- 
chondria were solubilized at a protein concentration of 10 mg/ml for 
10 min at 0 “C in the presence of 1 M ammonium acetate, pH 7.5, and 
1 mM PMSF with the detergent &Es at a ratio of 3 mg detergent/ 
mg protein. Hydroxylapatite (HTS) at 180 mg of HTS/mg of protein 
was added, mixed 5 min, and removed by centrifugation for 2 min at 
10,000 rpm. The supernatant was used for gel analysis. 
Antiserum to AAC Protein-Rabbit antiserum to the purified yeast 
AAC has been described (Knirsh et al., 1989). Antisera to AAC 
proteins from other sources have been described previously (Buch- 
anan et al., 1976; Schultheiss and Klingenberg, 1984). 
Chemicals-The sources of chemicals were the following C&Es were 
purchased from Fluka, Amberlite XAD 2 beads were from SERVA, 
Sephadex was from Pharmacia LKB Biotechnology Inc., carboxy- 
atractylate, atractylate, and nucleotides were from Boehringer Mann- 
heim, [“C]ADP and [“C]ATP were from Amersham Corp., and 
Dowex l-X8 was from Bio-Rad. Zymolyase 20,000 was from Seika- 
gaku Kogyo, Tokyo. Phosphatidylcholine was purified from turkey 
egg yolk from Sigma, and cholesterol was from Sigma. Hydroxypatite 
and [“Hlcarboxyatractylate were prepared as described previously 
(Silverman 1987). All other chemicals were of analytical grade. 
RESULTS 
Disruption of AAC2-The AAC2 gene in yeast which is 
responsible for either the majority or all of the AAC protein 
in mitochondrial membranes is present on a 2.2-kb Pst-Sst 
genomic DNA fragment (Lawson and Douglas, 1988). Within 
the AAC2 coding DNA are two AccI sites at positions 525 and 
603, respectively, from the ATG translational start of the 
open reading frame. These sites were utilized for the insertion 
of a selectable yeast marker, HIS3 (see “Experimental Pro- 
cedures”). 
This HIS3 disruption of AAC2 was isolated as a 3.5-kb Pst- 
Sal fragment of DNA and was subsequently transformed into 
the diploid yeast strain W303a/a homozygous for HIS3. His+ 
transformants (His+) were isolated from each spore of the 
resulting tetrads. DNA from representative tetrads was di- 
gested with EcoRI, electrophoresed on an agarose gel, and 
transferred to a nylon membrane. The blot was probed sepa- 
rately with either a l.l-kb EcoRI-Hind111 fragment of DNA 
containing 665 bp of the AAC2 coding region and 540 bp of 
3’-flanking DNA (Fig. lA) or with a 1.3-kb BamHI-XhoI 
fragment containing the coding region of HIS3 (Fig. 1B). The 
AAC2 probe hybridized to the wild type AAC2 on a 3.3-kb 
EcoRI fragment (the disrupted AAC2 retains approximately 
680 bp of DNA that is also present in the AAC2 probe). Two 
spores in each tetrad contain the wild type AAC2, whereas 
the other two spores contain the disrupted AAC2. Thus one 
chromosomal copy of AAC2 in these HIS+ diploids was dis- 
rupted. 
To further confirm this integration, the same blot pictured 
in Fig. 1A was stripped and reprobed with HIS3. The probe 
hybridizes to the chromosomal HIS3 gene (hi.s3-II,15 allele) 
in all the spores of the diploid on a 9.8-kb EcoRI fragment. 
The HIS3 probe also hybridized to HIS3 in the disrupted 
AAC2 at 4.2 kb. Only those spores which contain the disrupted 
AAC2 (as shown by hybridization to the larger band in part 
A) hybridize to the HIS3 probe. These data confirm that one 
chromosomal copy of AAC2 of the diploid has been disrupted 
by HIS3. 
The conclusions of the hybridization data were supported 
by genetic analysis of the spornlated diploids (Table I). All 
spores were viable, although those in which AAC2 has been 
disrupted grow more slowly than wild type on a fermentable 
carbon source. As expected, the two spores in each tetrad 
FIG. 1. Meiotic segregation of AAC2 gene disruption. Ge- 
nomic DNA was prepared from the transformed diploid and repre- 
sentative tetrads resulting from the transformation described in Fig. 
1 and digested with EcoRI and resolved on a gel. Autoradiographs of 
Southern blots of the DNA are shown here. A, probed with a l.l-kb 
EcoRI-Hind111 fragment containing most of the AAC2 coding region. 
B, probed with a 1.3-kb BarnHI-XhoI fragment containing the HIS3 
gene. 
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TABLE I 
Genetic disruption of AAC2 
Following sporulation (Sherman et al., 1979) tetrads on rich regen- 
eration agar were picked to the appropriate selection media and scored 
for growth (+) or nongrowth (-). 
Transformant Tetrad Spore viabilitv 
Ris DNA-detected 
MC2 Drobe Glycerol 
kb 
W303a/(u 71-l l-1 a + - 3.3 + 
b + + 4.2 - 
+ + 
: + - 
4.2 
3.3 + 
l-2 a + - 3.3 + 
b + + 4.2 - 
+ + 
: + - 
4.2 - 
3.3 + 
W303a/n 10-l l-4a + - 3.3 + 
b + - 3.3 + 
+ + 
ii + + 
4.2 - 
4.2 - 
Probes: AACP EcoRI-tlindlll AACP EcoRI-Hindlll 
AAC I Bglll-Hindlll 
FIG. 2. Chromosomal localization of AACl and AACB. Yeast 
chromosomes were resolved using CHEF electrophoresis. Lanes I and 
2 of the left panel show the ethidium bromide strain of yeast chro- 
mosomes from a W303 haploid, and lane 3 is the Bio-Rad yeast 
chromosome standard. Chromosome numbers are indicated to the 
left. The panel in the center shows an autoradiograph of the gel probed 
for AAC2 (l.l-kb EcoRI-Hind111 fragment). The rightpanel shows an 
autoradiograph of the gel in the center reprobed with a probe for 
AACZ (1.35-kb BgZII-Hind111 fragment). By alignment of the auto- 
radiogram and gel pattern with ethidium the AACZ localizes to 
chromosome XIII and AAC2 to chromosome II. 
which contain the larger hybridizing band, i.e. the HIS3 
disruption, were His+, whereas those spores which appear on 
the blots to contain only the wild type AACZ remain unable 
to grow on media without histidine (His). Those spores which 
are His+ and disrupted for AAC2 were unable to grow on the 
nonfermentable carbon source glycerol (Gly-). This pheno- 
type was anticipated, since the ADP/ATP carrier is respon- 
sible for the exchange of ATP and ADP across the inner 
mitochondrial membrane, and AAC2 was shown in earlier 
studies to encode the major mitochondrial ADP/ATP carrier. 
Loss of carrier function would result in an organelle unable 
to grow on nonfermentable carbon sources. Deletion of AACI, 
the other yeast gene which encodes a functionally equivalent 
but less abundant ADP/ATP carrier, did not result in a Gly- 
phenotype (Lawson and Douglas, 1988). These data and other 
studies further confirm that AAC2 encodes a protein which is 
required for mitochondrial function (Lawson and Douglas, 
1988). 
Chromosomal Mapping of AACl and AAC2-Yeast chro- 
mosomes from strain W303 were separated on a CHEF gel 
(see “Experimental Procedures”). The gel was dried and 
probed with the l.l-kb EcoRI-Hind111 fragment of AAC2 
DNA described above. The probe hybridized strongly to chro- 
mosome II (Fig. 2). There was a weak signal at chromosomes 
XIII and V. The weak signals seen at chromosomes VII and 
XIV are also seen with control DNA. The dried gel was 
reprobed (without stripping) with a 1.35-kb HindIII-BglII 
DNA fragment containing the entire coding region of AACl 
(Adrian et al., 1986). This probe hybridized strongly to chro- 
mosome XIII. Thus, the two yeast genes for the yeast ADP/ 
ATP carrier are on separate chromosomes. The gene for pet9 
has been mapped previously to chromosome II (Mortimer and 
Hawthorne, 1966). This data combined with the complemen- 
tation data (Lawson and Douglas, 1988) and the disruption 
data unambiguously confirm that AAC2 and PET9 are the 
same gene. 
Construction of a Double Mutant-The availability of sep- 
arate gene disruptions in AACl and AAC2, respectively, made 
it possible to test if the double deletion would lead to a 
nonviable phenotype. It was anticipated that the loss of both 
of the major and minor mitochondrial transporters in the 
inner membrane would potentially eliminate all mitochon- 
drial cytosolic exchange of adenine nucleotides and result in 
lethality to the cell. Recent studies have documented the 
essential role for ATP in protein folding as well as protein 
translocation to different components within mitochondria 
(Huang and Schatz, 1989; Douglas et al., 1990, Hart1 and 
Neupert, 1990). 
In order to construct a yeast strain in which both AACl 
andAAC2 were disrupted, JLYW2c MATa aacl::LEU2 (Law- 
son and Douglas, 1988) was mated to JLY73 MATol 
aac2::HIS3. Diploids were selected on minimal media lacking 
leucine and histidine. The diploids were sporulated and indi- 
vidual spores tested for growth on selective media (Table II). 
All spores were viable on dextrose including those harboring 
the double disruption of AACl and AAC2. The double disrup- 
tion mutants, however, grew at reduced rates on glucose or 
galactose as compared with the wild type or mutants harbor- 
ing a disruption of either AAC gene (Gawaz et al., 1990). To 
confirm that the resulting spores harbored disruptions at the 
correct site, the DNA organization at each AAC construction 
was confirmed in the haploid. Genomic DNA from represent- 
ative tetrads was prepared, digested with EcoRI or BamHI, 
electrophoresed on agarose gels, and transferred to mem- 
branes. DNA digested with BamHI was probed with a 2.6-kb 
DNA fragment containing the AACl coding region (Fig. 3, 
top panel). Those spores which were Leu+ contain the larger 
hybridizing band corresponding to the deletion of AACl. 
Hybridization to DNA from the same spores is pictured in 
Fig. 3, lowerpanel. In this case DNA was digested with EcoRI 
and probed with the l.l-kb EcoRI-Hind111 fragment contain- 
ing a portion of the AAC2 coding region. As expected, those 
spores which are His+ show the presence of the larger hybrid- 
izing band corresponding to the disruption of AAC2 (compare 
with Fig. 2). These data confirm that one spore in each of 
these representative tetrads, e.g. 2d and 5c (Table II, Fig. 4) 
TABLE II 
Spore viability in AAACl AAAC2 strains 
JLW2c MATa aacl::LEU2/JLY73 MATa aac2::HZS3 diploids were 
sporulated. Tetrads on rich regeneration agar were picked to the 
appropriate selection media. 
Transformant Tetrad Spore Leu viability His GUY 
W2-73 2a + - + - 
b + - + 
i 
+ + - + 
+ + + - 
w2-105 5a + + - + 
b + - + 
ii 
+ + + - 
+ - + - 
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Probe: Bglll-Hindlll AACl 
-  .  Y I  
disrupted+ . 
wild type-r - - - M - 
4.7 kb 
3.6 kb 
wtA ti !zr! 
MA I I 
disrupted+ _ - 
wild type+ - 
w 4.2 kb 
3.3 kb 
Probe: EcoRI-Hindlll AACP 
FIG. 3. Meiotic segregation of double disruption. Autoradi- 
ographs of Southern blots of DNA from representative tetrads of the 
cross to produce a strain carrying the disruptions of both AACI and 
AAC2. The left tetrad is W2-73-2 and the right tetrad is W2-105-5 in 
Table II. The DNA in the upperpanel has been digested with BamHI 
and probed for AACI and its disruption. The DNA in the lower panel 
has been digested with EcoRI and probed for AACP and its disruption. 
Lane I in each panel is DNA from a wild type haploid showing the 
position of the wild type genes. Lane 2 in each panel shows DNA 
from a disrupted haploid (upper panel, lane 2, disrupted for AACI; 
lower panel, lane 2, disrupted for AAC2) showing the positions of the 
respective disrupted genes. 
were disrupted both for AACl and AAC2. These double dis- 
ruption strains, aacl::LEUB and aac2::HIS 3, were designated 
JLYlO55 (MATa) and JLY1053 (MATa), respectively, and 
used for further study. 
Marker Rescue of the pet 9 Mutation-The construction of 
the double AAC deletion provided the host strain for the 
characterization of different AAC2 point mutants which alter 
translocator function. We initiated this analysis by defining 
the lesion in the pet9 mutation which previous studies had 
shown map to AAC2 (Lawson and Douglas, 1988). In yeast, 
high rates of homologous recombination and repair synthesis 
(Rothstein, 1983) can be utilized to rescue chromosomal mu- 
tants by transformation with gapped plasmids (Botstein and 
Davis, 1982). In the present case, we have used a gappedAAC2 
gene on a yeast 2-pm plasmid to recover the pet9 mutation 
from the chromosome. For this the AAC2 on the yeast URA3 
2 micron plasmid pSEY8 was opened at different internal 
sites and followed by Bal-31 digestion for various periods of 
time (Fig. 4). After digestion with Bal-31 the linearized DNA 
was transformed into the yeast pet9 ura3 strain JLY-3B 
(Lawson and Douglas, 1988). Ura+ transformants obtained on 
selection plates with dextrose as the carbon source were 
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287 Hind III 
corr 
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Wild type CGT Arg 96 
pet9 CAT His 96 
FIG. 4. Marker rescue of the pet9 mutation. Selected pairs of 
restriction sites for Hind111 or HpaII within the AAC2 coding region 
were opened and time-digested with Bal-31 exonuclease. Plasmids 
gapped in this manner were transformed as linear DNA molecules 
into the pet9 host JLYlB. Ura+ prototrophs on dextrose minimal 
plates were characterized for growth on glycerol. Plasmids recovered 
from the appropriate glycerol plus transformants and confirmed by 
retransformation were sequenced using primers at overlapping inter- 
vals on each strand of AAC2 DNA. 
source. With deletions originating from AACl sites at posi- 
tions within the first third of the gene, approximately half of 
the transformants obtained in this manner were able to grow 
on glycerol and approximately half were unable to grow on 
glycerol. Those transformants which were unable to grow on 
glycerol and which presumably contained the opl mutation 
were utilized for further study. Deletions within other parts 
of the AAC2 gene yielded all glycerol positive Ura+ transform- 
ants. First, plasmids were recovered in E. coli and character- 
ized for their restriction patterns. Four independently isolated 
plasmids which exhibited the same restriction pattern as wild 
type were taken for DNA sequence analysis. Each coding 
strand of the selected plasmids was sequenced using oligos 
which were spaced through AACZ (Fig. 4). These studies 
revealed a single A to G transition of nucleotide 287 in the 
AAC2 coding sequence (Lawson and Douglas, 1988). This A 
to G converts the wild type codon, CGT, encoding arginine at 
position 96 to carboxyatractylate encoding histidine at this 
position. This change was recovered in each of the AAC2 
plasmids obtained from the pet9 mutant. Four other differ- 
ences were noted upon DNA sequence analysis; however, they 
were only represented once among the four mutant AAC2 
sequences obtained. These included a CTA Leu’l to TTA 
Leu”, AAG Lys4s to AAA Lys4’, CTA Leu2g3 to TTA Leu2g3 
and ACA Thr3@’ to ACT Thr300. In each case, these were silent 
mutations which did not change the primary protein sequence. 
Amino Acid Replacements of Ar86 Block AAC Function-In 
order to prove that the Arg at position 96 was indeed an 
essential residue for function different amino acid replace- 
ments at this position were constructed by oligonucleotide 
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site-directed mutagenesis. To construct an AAC2 gene which 
was convenient for insertion of different mutations, a G 
within one of two internal Hind111 sites at position 144 was 
changed to an A (Fig. 5). This replacement maintained the 
same amino acid at that position and a phenotype which was 
indistinguishable from the wild type sequence (data not 
shown). Mutations at Argg6 were site-directed into the result- 
ing 1-kb HpaII-Hind111 fragment using a mixed oligonucleo- 
tide. The intact coding region with different mutations at 
position 96 was constructed by combining the HpaII-Hind111 
fragment with the remaining AAC2 DNA on a HindIII-EcoRI 
fragment (Fig. 5). In each case, the mutant plasmids on the 
URA3 CEN vector were transformed into JLY73 (aac2zHIS3) 
or JLY1053 aacl::LEU2 aac2::HIS3 and compared with the 
growth with pSEYcAAC2 on a nonfermentable carbon source. 
It was noted that any change at position 96 to replace arginine 
with His, Leu, Asp, or Pro failed to restore growth of the 
AAC2 deletion host on glycerol, suggesting that the AAC 
function is impaired by these mutations (Table III). The 
histidine replacement recreated the pet mutation resulting in 




c-----. 1, .----- ------- 1.5 _______~ 
I 
FIG. 5. Site-directed modifications to AACS. AAC2 as a 2.5- 
kb PstI (P)-EcoRI fragment proved to be unstable in M13. Therefore, 
mutations at codon 96 were introduced into a l.l-kb Hind111 fragment 
which was first modified to remove one of the two Hind111 sites at 
position 143 within the AACZ coding DNA. The oligo 5’GAGTTAA- 
ACTTTTGATC’3 was used as described under “Experimental Pro- 
cedures.” This creates a vector for insertion of mutations up to codon 
101 on a l.l-kb and IV fragment or 101 to 318 on a 1.5-kb HindHI- 
EcoRI fragment. H, HindIII; P, PstI. 
TABLE III 
Site-directed mutations at A@ ofAAC2 
Wild t.ype 
Ar$6 CGT 














’ pSEYc63 is a centromere low copy plasmid; YEp24 is a high copy 
(20-50 cell) plasmid. Mutations site-directed into AACP at codon 96 
were placed in pSEYc63 and YEp24. Following transformation of 
JLY1053, each strain was scored for growth on YP glycerol. Each 
strain was characterized for the expression of AAC protein using 
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FIG. 6. Disruption of AACP apparently eliminates all AAC 
protein. Mitochondrial protein preparations were prepared from a 
representative tetrad from the disruption of AAC2 (tetrad l-l in 
Table I and compared with a tetrad in which AACl was disrupted 
(W2a-2d). 50 fig of protein/well were electrophoresed through a 12.5% 
acrylamide gel, blotted, and probed with a I:200 dilution of anti-yeast 
AAC serum. Molecular mass markers (in kilodaltons) are shown at 
the left. 
In earlier work it has been noted (Lawson and Douglas, 
1988) that the inability of the functional AACl product to 
complement aac2 mutations on a single copy centromere 
vector was due to its low level of expression. In the present 
study all AAC2 mutants which failed to restore growth from 
the low copy centromere plasmid were moved to the multicopy 
2 micron plasmid YEp24. Even when expressed from the gene 
in high copy number these mutants all failed to complement 
the AAC2 defect (Table III). These studies confirm the mo- 
lecular basis of the opl mutation. 
Content of AAC Proteins in Different Deletion and Mutant 
Hosts-In light of the viability of the double-disrupted haploid 
it was of interest to determine if any AAC protein was im- 
munologically detectable in the membrane. It was also of 
interest to define the level of AAC protein in the Argg6 to His 
mutant (pet9). We have noted in other aac2 mutants that 
some alleles are less stable and turn over more rapidly than 
wild type.* In earlier studies it was demonstrated that the 
content of mitochondrial AAC protein was not significantly 
reduced due to a deletion in AACl (Lawson and Douglas, 
1988). This lack of apparent change in the level of carrier 
protein could have been due to either a lack of antigentic 
determinants to the AACl protein by the antiserum used or 
perhaps due to the low content of the AACl protein in the 
mitochondrial membrane. In order to distinguish between 
these possibilities, mitochondrial protein from tetrad 7.1 
(Table I) was probed with antisera prepared against the wild 
type AAC from S. cereuisiae (Gawaz et al., 1990). The first 
four lanes (Fig. 6) are mitochondria of sister spores harboring 
an aac2::HISS disruption. No AAC protein was detected in 
spores b and c harboring the aac2::HIS disruption. Although 
AACI is still intact in these spores, no AAC protein at the 
limit of detection of this system was observed. The second 
four lanes contained sister spores from an aacl::LEUP disrup- 
tion, and all contain the AAC protein. Quantitation of the 
resulting immunoblots by scanning densitometry failed to 
reveal any significant difference in the level of AAC protein 
in sister spores harboring aacl::LEU2 disruptions (not 
shown). 
The data obtained with antiserum raised against the S. 
cereuisiae protein still did not eliminate the possibility that it 
might fail to detect an AACl protein even though both pro- 
teins are highly conserved. After surveying several antibody 
sources, it was noted that antiserum against calf kidney ADP/ 
ATP carrier gave a distinct reaction against the yeast AACl 
’ D. Nelson and M. G. Douglas, unpublished data. 
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FIG. 7. Detection of AACl protein following partial purifi- 
cation. Mitochondrial protein (30 pg) and an AAC-enriched deter- 
gent and hydroxylapatite-treated supernatant from mitochondria (10 
pg) were loaded beside each other and run on duplicate 12.5% poly- 
acrylamide sodium dodecyl sulfate gels. Mitochondria and extracts 
were prepared from the following strains A303a (wild type), JLYWZC 
(GAACI), JLY73 (6AAC1, YEpAACI), JLY-lB(petS), JLY1053 
(AAAClAAAC2). Rabbit anti-yeast AAC (1:4000) and rabbit anti-calf 
kidney AAC (1:lOOO) antisernm were used to probe duplicate gel 
transfers followed by ‘251-protein A. The AACl protein migrates with 
a slightly faster mobility than the AAC2 protein (Gawaz et al., 1990). 
protein. With this antiserium it was possible to document 
that AACl protein was only present in mitochondrial mem- 
branes under conditions in which it was expressed from the 
2-km yeast plasmid. Shown in Fig. 7 are immunoblots of 
mitochondria and an AAC enriched fraction from the respec- 
tive mitochondria prepared by Triton solubilization and HTS 
chromatography (see “Experimental Procedures”). Total mi- 
tochondrial membrane and HTS-enriched proteins from wild 
type, the double deletion (AAACl AAAC2) with and without 
AACl on a multicopy plasmid, and other controls were probed 
with yeast AAC antiserum and with calf kidney AAC anti- 
serum. These data show first that the calf kidney antiserum 
readily detects an AACl protein of slightly greater mobility 
than that of the AAC2 product. The AACl product contains 
a lo-amino acid shorter open reading frame (Lawson and 
Douglas, 1988). Using the kidney antiserum, the AACI protein 
was readily detectable in membranes and extracts from yeast 
which expressed AACl from a multicopy plasmid. A weak 
AAClp detection was noted in the HTS-enriched fraction 
using antibody against the yeast protein. The AACl gene 
product in mitochondria was not detectable by either antisera. 
The same signal was noted for the AAACl AAAC2. The level 
of AAC2 protein present in the pet9 mutant, on the other 
hand, was not significantly different than wild type. Taken 
together these data indicate that the level of AACl gene 
product in yeast mitochondrial membranes grown under non- 
repressing conditions is at the limit of detection by antisera 
which recognize AACl and that the reduced transport of 
adenine nucleotides in the pet9 host cannot be ascribed to a 
decreased content of AAC2 protein. 
DISCUSSION 
Numerous earlier studies have documented the ADP/ATP 
carrier protein as the major site for adenine nucleotide ex- 
change between the mitochondrial matrix and the cytoplasm 
and a key point for regulation of adenine nucleotide ratios 
and the energy charge of the cell (Klingenberg, 1985). In 
animal cells the AAC proteins are expressed from a gene 
family in a tissue-specific manner. The metabolic regulation 
of AAC proteins and other energy-linked anion transport 
proteins related to the AAC family is currently being exam- 
ined. It is not currently understood why different isoforms of 
this highly conserved protein in animal cells are elevated in 
the mitochondrial membranes of different tissues (Neckel- 
mann et al., 1987; Houldsworth and Attardi, 1988; Powell et 
al., 1989; for review see Klingenberg, 1989). Different isoforms 
may exhibit variations in nucleotide affinity, transport activ- 
ity, and the control by the membrane potential which are 
advantageous for specific cellfunction. In order to distinguish 
among these possibilities, we have established a system for 
the biophysical analysis of specific translocator isoforms. It 
is envisioned that with this system in yeast that cDNA 
encoding various highly conserved isoforms of the animal 
AAC may be expressed and correctly assembled in yeast. 
Furthermore, detailed structure-function studies of the yeast 
AAC isoforms and mutants can be readily carried out in this 
organism (this work). In the present study we have exploited 
a marker rescue method and site-directed changes with AAC2 
to define the molecular basis of the yeast pet9 mutation. 
The most convenient yeast host in which to perform this 
type of analysis is one in which the two genes encoding the 
AAC proteins of this organism have been inactivated by gene 
disruption. Prior to the present study it was not known if the 
cellular viability could be maintained in the absence of both 
known translocators and the extent to which AACl andAAC2 
contributed to the AAC protein content within the mitochon- 
drial membrane. Furthermore, as the most abundant protein 
of the inner membrane, it was not clear to what extent it was 
required to maintain the structural integrity of the organelle 
for cell viability. Although earlier studies had clearly demon- 
strated that the function of the AAC2 gene product in the 
pet9 mutants was not necessary for cell viability on a fer- 
mentable carbon source (Kovac et al., 1967), one could still 
not rule out the possibility that some residual adenine nucleo- 
tide exchange could still occur through either the partially 
defective AACl protein in the pet9 mutant (Kolarov and 
Klingenberg, 1974) or through the residual AAC2 protein 
(Lawson and Douglas, 1988). Until the present study neither 
of these possibilities could be ruled out. 
Surprisingly, yeast are viable on a fermentable carbon 
source in the absence of both the AACl and AAC2 gene 
products. Overall the disruption of the AAC2 gene renders a 
cellular phenotype which is essentially identical to the pet9 
mutant or the double AAACl MAC2. The fact that disruption 
of the AACl gene either alone or in combination, which a 
disruption of AAC2 had little effect on the respective host 
phenotypes, is explained here by the fact that AACl appears 
to be normally expressed at a very low level under the growth 
conditions examined. Based on a combination of gene disrup- 
tion and antibody studies the level of AACl expressed from 
the chromosomal copy is conservatively less than 5% that of 
the AAC2 gene product. Only under conditions in which the 
AACl protein was expressed on a multicopy plasmid was it 
detectable using an antibody prepared against the calf kidney 
AAC protein. The low level of AACl expression from the 
chromosomal copy which is not detected by any of the anti- 
bodies used in this study raises the distinct possibility that 
an as yet undetected carrier may be operating in addition to 
the AACl and AAC2 proteins. It is unlikely that all adenine 
nucleotide transport is eliminated in the host harboring the 
double deletion. In addition to adenine nucleotide transport 
mitochondria must take up all the deoxy- and ribonucleotides 
necessary for maintenance of the mitochondrial genome and 
its expression. At present nothing is known about the trans- 
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port of these molecules into mitochondria. However, it is 
likely that the transport of different nucleotides into mito- 
chondria occurs by (a) distinct transporter(s) that maybe 
utilized by the AACl AAC2 deletion mutant. 
It is noteworthy that polyclonal antibody prepared against 
the yeast translocator prepared from a wild type strain (AAC1 
and AACL present) only recognized the AAC2 gene product 
and not the highly conserved AAClp. Based on the relative 
content of the two translocators determined here, it might be 
anticipated that only AAC2 determinants would be repre- 
sented in any AAC antisera prepared using wild type yeast. 
The AAC2 antisera cross-reacted very poorly with the AACl 
protein, although the proteins are 76% identical at the se- 
quence level (Lawson and Douglas, 1988). The lack of identity 
has been noted among the highly conserved translocators 
within different mammalian tissues (Eiermann et al., 1977; 
Schultheiss and Klingenberg, 1984). In these cases AAC pro- 
teins with as great as 88% sequence identity exhibit little or 
no cross-reactivity. In both yeast and mammalian tissues the 
poor cross-reactivity is difficult to explain in view of the great 
number of homologous epitopes which should be available. 
The construction of a viable yeast host lacking both AAC 
proteins now provides a host to test and prepare different 
translocator proteins for structure-function studies. The 
availability of this host and transformation vehicles harboring 
different mutant forms of the translocator should allow us to 
define the molecular features of the binding and translocation 
of adenine nucleotides through this relatively simple trans- 
membrane translocation device. The utility of this system for 
analysis of the basic biophysical parameters of the AAC and 
the pet9 AAC are described in a comparison of the membrane- 
bound and reconstituted gene products (Gawaz et al., 1990). 
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